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The wettability of oxidized polyethylene films was studied with pure liquids (water and
methylene iodide) and practically nonpolar mixtures of Decalin and methylene iodide. A
linear variation was found of the wettability of these films with the chemical composition of
their surfaces (determined by adsorption of radioactive #Ca ions).

A value of v,9 for the polvethylene was found with the noapolar mixtures of methylene io-
dide and Decalin and the values of the solid-liquid polar interactions (/s?) for oxidized poly-
ethylene were deduced.

Dipole—dipole and induced dipole-dipole interactions between the pure liquids and the oxi-
dized and uroxidized polyethylene were calculated for two possible orientations of the hydro-
carbon chains to the surface and compared with the experimental results. Generally a poor
agreement was obtained, mainly due to the difficulty in estimating the correct values for the
distances between molecules or groups. However, a better agreement was obtained assuming

that the chains were perpendicular to the surface.

INTRODUCTION

The relation between the wetting of a solid
by liquids and its adsorption capacity has been
studied by various authors. Rehbinder ef al. (1)
and Doss and Rao (2) have derived theoretical
expressions for the wetting isotherms. Ruch
and Bartell (3) set up a model of wetting for a
hydrophilic surface by aqueous soluticns of
decylamine, combining the data of solute
adsorption, contact angle measurements and
adhesion tensions.

Tsunoda (4), Tsunoda, Seimiya, and Sasaki
(35), and quite recently Seimiva, Saito, and
Sasaki (6) established the wetting isotherm
for a hydrophobic surface of parafin in
contact with fatty alcohol homologues and
aqueous sodium stearate solutions. Adsorp-
tion and wetting studies on parafin have
been made by Guastalla (7) with saturated
acid and alcohol solutions, and by Padday
(8) who calculated the adhesive forces opera-

methylammonium bromide solution—paraﬂi,&.'
interfaces. T3

The relation between the free energy m“
adhesion and the free energy of molecular rg;’-;
actions of exchange at solid-liquid interfact;
was interpretated by Ter-Minassian-Sarag=
(9) by statistical thermodynamical calculations.::

Girafaleo and Good (10), Good and Hope:
(11), Good and Elbing (12), and Fowkes (135
using the theory of intermolecular forces iz

free energy of adhesion for solids with liqui
from the surface free energies of the adheri
phases. These methods were recently used &
study the adhesive forces of hydrophod ;
polymer surfaces in contact with polar 308;.
nonpolar liquids (14, 15). It should be noti
that the wettability studies of polymer surfac®®
bave a considerable significance due to thdr'
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=716-20).

In this paper we present results of experi-
~nents performed with mixtures of practically
ponpolar methylene iodide and Decalin and
with polar water in contact with unoxidized
- nd oxidized low density polyethylene.

The infrared spectroscopy studies of oxidized
polyethylene showed that carbonyl polar
groups are found in a very thin superficial layer
‘on the oxidized polyethylene (21-23).

=~ Usir - “his result and ours we set up a model
of the process of wetting where the degree of
hemical attack (oxidation) of the polyethylene
related to the chemical nature and composi-
- tion of its surface as determined by the adsorp-
tion of calcium ions.

We have also attempted to calculate the
%% energies of interaction between the polar groups
== at the solid-liquid interfaces of our system and
- to compare them with those obtained from
- cxperin--~tal measurements.

.'pplication to the different practical processes
{

ENXPERIMENTAL METHODS
Materials

Polyethylene. The low density polyethylene
(0.9299/cm® at 23°C) thin film (19 um) used
in this study was Cryovac L Film produced by
“Grace Société” France. Circular samples were
i1 carbon tetrachloride for 13 min and
o7y extracted with boiling acetone

for 5 hr. This time of extraction led to repro-
ducible values of the contact angle. After
- extraction the films were dried under reduced
= Pressure at room temperature. Cleaned speci-
- mens were used for oxidation and wettability
mcasurements,
indizing mixtures were prepared from sul-
ffinc acid (sp gr 1.84, pure grade) and potas-
sum chlorate (reagent grade).
- Water. Tridistilled from permanganate solu-
_bon in al} Pyrex apparatus.

Decalin, Technical grade Decalin was passed
.U?NUgh the silica gel column and subsequently

tilled three times under normal pressure.
Fraction boiling at 183°C was collected. It
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was assumed that the collected fraction was
irans-Decalin.

Melhylene iodide. AR Rhéne Poulenc grade
was used as received.

$Ca calcium chloride was obtained from
Commissariat & I'Energie Nucléaire, France.
Its specific activity used for experiments was

approximately 100 mCi/g.

Methods

Contact angles. The contact angles of the
chemically treated and untreated polvethylene
were measured at room temperature by the
drop-on-plate method by means of the ap-
paratus described elsewhere (24). All reported
values are the average of at least six measure-
ments. The average experimental error of the
measurement was about 2°. Advancing contact
angles were used for all plots and calculations,
as in the advancing stage the solid surface may
be considered to be practicallv free of any
adsorbed vapor.

Surface tension measurements. A Wilhelmy-
tvpe microelectrobalance produced by C. 1.
Electonics Ltd. was used to measure the
surface tension of Decalin—methylene iodide
mixtures.

Adsorption measurements. To determine the
surface density of the polar sites C==0 created
by oxidation at the surface of polyethylene a
radiotracer method reported elsewhere (23)
was used. The polvethvlene films 30 mm in
diameter were placed on the surface of an
aqueous solution of 4*Ca-labeled calcium ehlo-
ride. The amount of Ca®** ions adsorbed at a
given polyethylene/solution interface was de-
duced from the radioactivity detected above
the film by a thin window Geiger-Muller tube.
The apparatus and the details of these experi-
ments were reported elsewhere (24, 26).

Oxidation. Samples of purified polyethvlene
film were immersed in sulfuric acid-potassium

" chlorate mixtures of various compositions at

a constant temperature (20°C). The duration
of immersion has been varied. Then the samples
were rinsed several times with distilled water,
dried in a desiccator under reduced pressure,
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8 moi/em2
x10-14
20| 9.09% KClO3
O Aol =
4.76%KClO3
10
o - N . 1.98% KC@IO;
o/x
®,
%
40-6 10~5 5.40-3 10-4 CaClz [M]

Fic. 1. Isotherms of adsorptinn of Ca** ions at the interface oxidized polyethylene/solution of CaCly. § = surfacE;
density of Ca** ions vs CaCl, concentration in solution. Three oxidizing mixtures (wt %) ; 20°C; time of immersion:

30 sec.

and used for contact angle and adsorption
measurements.

It has been found that for times of immersion
longer than 10 sec the contact angles had
constant values.

RESULTS

Polyethylene-Waler System

The isotherms of adsorption of the Ca** ions
on the oxidized films are shown in Fig. 1.
Saturation values were obtained for each

8 molfemn2x10-14
8
-

10

composition of oxidizing mixture. These isoT%
therms are of the Langmuir type 1. The:'j
equilibrium constant is independent of théZ
degree of oxidation of the surface and equal:
to K = 1.65 X 107 liters/mole.

The amount 5 of created polar sites at the;
polyethylene surface varies with the concentra::
tion of potassium chlorate in the owdlzmg
mixture. This effect is shown in Fig. 2. =

The contact angles have been measured fot2
each degree of oxidation of polyethylene. Then' ’
values are listed in Table 1.

Pt

5

F1c. 2. Surface density of the polar groups vs potassium chlorate concentration (% of wt) in the oxidizi

mixture; 20°C; 30 sec.
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TABLE I S0
oy CONTAC: - --"CLES, \WORKS OF ADHESION AND I, P FOR T
T POLYETHYLENE~WATER SYSTENS® X j
o > |
ey Concn, of kClOa in the oﬂdlzmz mixtures (%) 2
W ] 0.37 4.76 13.03 s
==, % o 8 8 711 710 68 |
S (1 6498 67.15 7472 8447 92.42 96.75 989 §
20.88 31.03 38.98 4331 4535 i

giuj,,v 1134 13.71
Ea, When: ve = 72.2 dyn/cm; v# = 21.8 dyn/cm; .4
owes: o, 32 73 dyn ‘cm.

i

A

De. evlene~Metlylene Iodide/Decalin
Mixtures System

LiLL

The surface tension of methvlene iodide-
Decalin mixtures is plotted vs the concentra-
tion of methylene iodide in Fig, 3, and listed
in Table II. Strong adsorption of Decalin
niolecules at the air-mixture interface may be
~ inferred from the rapid fall of the surface

tension of the mixture at concentrations of
-~ Decalt ween 3-20%. N

Tabic 1.1 lists the contact angles and the cor-

responding works of adhesion of the mixtures
_ with unuxidized and oxidized polyethylene.
‘The works of adhesion of the mixtures with
polyethylene are plotted vs the amount of polar
sites on its surface in Fig. 4.
For the different mixtures an average slope
‘equal to 0.19 X 107 erg/mole of site was
* ablained,
. Zisz. s type curves (27) are presented in
-Fig. 5 1., .nethylene iodide mixtures in contact
" with oxidized and unoxidized polyethvlene. We
T note that the critical surface tension 7. for
- tnoxidized polyethylene is equal to 32.75

o]

|
|
!
130 J
Decalin

0.5 1
CHaly

F16. 3. Surface tension v; of Decalin-methylene
iodide mixtures vs methylene iodide concentration in
the mixture {volume fraction).

dyn/cm. It increases with the degree of oxida-
tion of polvethylene.

We represent in Fig. 6 the variation of the
work of adhesion of pure water and methylene
iodide as a function of the density of polar
sites at the surface of the polyvethylene. The
flat linear segment of curve 1 indicates that
the work of adhesion of the oxidized polyethy-
lene with water approaches a limiting value.
The slopes for methylene iodide or water on
polyethylene are, respectively, equal to 0.26
X 10~% and 1.4 X 10~ erg/mole of sites.

Work of Adhesion: Nonpolar and
Polar Coniributions

The free energy of interaction W4 between
two phases across a plane boundary originates
from London dispersion forces W 4¢ and from

TABLE 11

Strrace TENsIONS OF METHYLENE IopipE~DEcALIN MIxTURES AND THEIR DISPERSION
ENERGIES WITH NONTREATED POLYETHYLENE®

- Vol ratio methylene ioidde-Decalin
C— 100:0 95:5 90:10 85:15 80:20 76: 30 60:40
L 50.4 3.07 100 371 35.2 337 332
¥4 504 43.07 40.0 371 35.2 33.7 332
S = 2(+3, 9} 81.26 75.12 7240 69.63 67.81 65.95 65.91
\_

*When 4,4 = 32.75 dyn/cm.
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95:8
90: 10

85:15

Fic. 4. Works of adhesion W vs density & of polar groups of the oxidized polyethylene for different conccnu;.
tions (vol %) of methylene iodide in the methylene iodide/Decalin mixtures.

the polar forces. The latter are mainly due to
the dipole-dipole and dipole-induced dipole
interactions.

TABLE III,

CoNTACT ANGLES, WORKS OF ADHESION AND /4P FOR
METHYLENE IoDIDE-DECALIN Mix-
TURES ON POLYETHYLENE®

Conen. of KCIOsin the

.\'[el{D oxidizing mixture (%)
r;‘:io 0 0.37 1.98 .76 9.09

100:0 ¢ 47 46 44 42 39
48477 8543 86.64 87.85 89.56
Iy 351 417 3538 639 8.30
6 39 37 35 34 31

95:3 Wa7654 77.4 7834 78.78 80.0
I 142 232 322 3.66 4.88
6 33 31 28 25 21

90:10 Wa7392 7429 7532 7624 77.32
L2 152 189 292 384 492
e 27 25 22 17 11

85:15 Wa7045 7071 7149 72.57 73.53
Igp 033 108 186 294 3.9
4 22 19 13 6 0

80:20 Wa67.82 68.50 69.20 70.22 70.4
I 002 069 139 241 2.51
6 17 13 7 0 0

70:30 Wa6392 66.52 67.16 674 674
Ig» 003 0357 121 145 143

@ When vy,4 = 32.75 dyn/cm.
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If the system consists of a polar solid and=%8
a polar liquid the dispersion forces contributions
may be separated from the polar forces conih
tribution. W,? is defined by the relation=8
W48 = 2(y%y.%)} (13). The main difficulty in
the evaluation of W44 is the knowledge of 3
correct value for v,% It was shown (10, 27}=%
that the critical surface tension v, approaches:
7 if 4. is deduced from measurements of th
contact angles with nonpolar liquids. However
for polyethvlene, having a value of v. aboves}
30 dyn/cm, such a series of pure liquids doe
not exist.
Fowkes (28) has shown that the surf
tension of methylene iodide may be accounted=g
for almost entirely by its dispersion forcesd
component (y;¢ = 48.3 &= 9 dyn/cm), althoug!
this substance possesses a relatively highdl§
dipole moment value (Table IV). 3
It was assumed, then, that the employed
mixtures, having surface tensions close to
value 7., may be fully accounted for by th
dispersion force components (Table II). .
Substracting the values of the dispersicigg
energy of adhesion W 49 from the total adhesiol
energy W4 = vi(1 + cosf) + =, and neglect:
ing the unknown term , which is the reducts
in surface energy of the solid resulting frof
adsorption of vapor from the liquid—the pOl
interaction term

[slp = (COSG + 1)‘71 - 2(7["7:‘1)*
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1.0
3 09¢

0.8}
2.09%
4.76%
1.98°%

0.7r 0.37%
0%

0.6 o

30 32 34 36 38

(14) corresponding to the different degrees of
polvethvlene oxidation was obtained. The
ncglect of the term w, may give Ia® values
lower *' @2 the real ones. The nonpolar (17 ,9)
and i...r (Zg®) contributions to the total
cnergy of adhesion of water and methylene
iodide mixtures to polvethvlene are sum-
marized in Tables I, II, IIT.

The polar contributions to the energy of
adhesion for the surface of oxidized poly-
cthylene are much higher with a polar liquid
like water than with the slightly polar meth-
vlene indide.

{
¢

i1

2 ~
a4 §
= =
= ¢
-

4 3
% S

% .

o3 B

=1 -

-

47 44 46 48 50
% dynes/cm

. F16. 5. Contact angles (cos8) vs surfce tension v; of methylene iodide/Decalin mixtures on polyethylene with
diffierent degrees of oxidation at constant potassium chlorate concentration in the oxidizing mixture.

INTERPRETATION
Model of Wetting of Real Solid by a Pure Liquid

The model of unoxidized and oxidized
polvethylene surfaces is shown in Fig. 7. The
random distribution of the molecules of the
liquid and of CH: and C=0 groups at the
liquid-solid interface is assumed. At saturation
of oxidation the surface comprises only C=0
groups. .

Let N = 8max represent the number of CHa
groups per square centimeter, §—the surface
density of C==0 groups (as measured by 4Ca

o 10 20

L A AR

indide (2).

30 40 § mol/cm?2
x 10~

Fi6. 6. Works of adhesion W vs density & of polar groups in the oxidized polyethylene:water (1) and methylene
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Model

0i0ip!o1oivic o ole

~ghoiglieloiceolc__ §_g
IMIX ) XX IR X)X XX

Wy, (cos6%1)

©I100I0IC{0 0 0.010
XMW el X b X

W= (cosh +1)

0!0/0I0:0!010-0.0

hdE S b3 Ry AR

Sadsat W'=51 {cos0’1)

x CHa2
- C=0
o H20

F16. 7. Model of wetting by pure liguid of unoxidized
and oxidized polyethylene. W9 and cos@®—values for
unoxidized polyvethviene; W’ and cos#'~—~values for
oxidized polyethylene.

adsoprtion) and w = the average area per CH,
group at the surface of polyethylene. Then, the
fraction of the surface occupied by the C=0
groups may be represented by the ratio

1]

5!1\5?(

The energies of adhesion of a pure liquid to the
surfaces of polyethylene of different degrees of
oxidation are, respectively,

WO =w(cos®+1) for =0 2]
W =q(cos8 +1) for 0251 [3]
W = vyi{cos§’ + 1) for z=1, [4]

where 1° and & are the work of adhesion and
the contact angle of the liquid on unoxidized
polyethylene; W™ and 8’ the work of adhesion

TABLE IV

DiroLe MOMENTS, INTERMOLECULAR DISTANCES AND
PoLARIZABILITIES OF THE MOLECULES
OR GROUPS STUDIED

Molecule (X ‘1‘0'" (X ?0"“ (X 10:‘ emi/
or group esu-erg) cm) mole)
H.0 1.87 (30) 1.55 1.49 (31)
CH,l,4 L1 (30 2.8 12.83 (32)
C=0 .7 2.0

Caz 2.26 2.02 (13)

Journal of Colloid and Interface Science. Vol. 43, No. 1, April 1973
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and the contact angle of the liquid on ME

oxidized polyet.hylene.

For a given oxidized surface, the work 'f*!
adhesion (Eq. [3]) may also be represented"‘g;
follows:

W4 Wl - z) + W'z,

¢
— (7 ~ W),

max

W =1Tre4
and

5
cos@ = c0s§® + ——(coss” — cosé?).

max

=
7=
e

However the relations [67] and [7] are no;t’j
complete. The experimental terms of IV and W=
are measured on the real surface of the pol}._;,
ethylene, whereas the last term of these is3
related to the apparent surface Q.pp equal to_z:
1 cm® Thus the last term of these equa.tions‘r
should be allowed for a roughness factor®:

= Q,/Qpp where Q, is the real area. “r,~
obtam instead of [6] and [7] the re'nuonsv-«-

W=y Zor
@

79y,
and

b
cosf = cos6® + —(cosé’ — cosdd).
@

The roughness factor ¢ may be deduccd’.
from the break point of the Fig. 6 (curve 1).% f
Above this point the work of adhesxon and tht;;_:
contact angle reaches a saturation value;:j
further oxidation creates groups below thﬁ

interface of polvethylene. As 8¢t = §/8max, WEZS

write “‘;.g:
Ssat 3.
P = :
Smax

parallel to the surface of polyethylene,
average area w per CH: (or C=0) group
according to Ref. (13) equal to 5.9 A% v

With the experimental value 8., = 218=
X 10 sites/cm? found on Fig. 6 and with das™

.



W ergs/em2
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60
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e = 1.25.
i However if we assume that the hvdrocarbon
chains are normal to the surface of poly-
ethylene, then according to Ref. (13), the
-“-a\'cmge area per CH; group is 20 A2 and
o deae = 1/0 = 3.0 X 104 sites/cm?. The rough-
acss factor in this case is ¢ = 4.2,
When the work of adhesion JI” of water with
oudizi? lvethvlene is plotted vs“w/ ¢ (Fig.
§) the «.. ... linear relation for both values of ¢
- is found bucause w/ ¢ is independent of orienta-
tinn of hydrocarbon chains to the surface of
- polyvethylene.

The slope of the straight line is equal to
B — 11" and the intercept is 1170, The work of
adhesion 1 corresponding to the polyethylene
“surface saturated with C=0 groups is 94.1
dvn em and we deduced 8’ = 72021’.

" The " ~ulated value of the work of adhesion
W™ ui ... .idized polvethylene with water is
equal to 63 dyn/cm. This value is in a good
agreement with the experimental value 64.9
- dvnfcm.

ey

Calculation of Polar Forces

‘ The energy of dipole-induced dipole inter-
= on for a pair of motecules or groups of
~ Atoms is defined by (29)

2o’
£ig = —,

o a

[11]

‘_jj - ®Bere o is the polarizability of the nonpolar

0,5

1 Sw

v

* Fic. 8. Work of adhesion W of water with oxidized polyethylene vs relative concentration of the polar
roups at -he real solid-liquid interface calculated according to Eq. [§].

unit; g the dipole moment of the polar one; and
a the distance between the centers of the two
groups or units. Equation [11] applies to the
case of unoxidized polyethvlene in contact with
polar water and methyl iodide. When it is
oxidized the surface of polyethylene consists
of CH» and C==0 groups. The latter are dipoles
and their interactions with water and meth-
vlene iodide groups are the interactions of two
permanent dipoles, one of which (C=0) is
supposed to have a given orientation.

The maximum energ\- of interaction between
two permanent dipoles is given by the following
equation (29):

2 paps
€dqg = —, [12]
. a:

where g and u. are the dipole moments of the
interacting molecules or groups of atoms and,
a, is the distance between their centers,

Table IV lists the values used to calculate
the polar interactions of dipole~dipole type and
dipole~induced dipole type.

-
e
3
5.00L
0 ° e
o ° o
° °
2.00 _ - -
5 10 n

F16. 9. Dipole moments of aliphatic ketones vs the
number of carbons in the alkyl radical.
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TABLE V

AtoMic AND EXTERIOR (VAN DER
Waars) Rapn

Ta C)
(X 107% ¢cm) (X 107 cm)

H 0.29 1.20
C 0.77

O 0.66 1.40
1 133 2.15

The dipole moment value for C==0 group
was taken as an average value of the dipole
moments of liquid aliphatic ketones. Figure 9
represents the dipole moments of these ketones
as a function of the alkyl chain length.

To calculate the distances J between the
centers of the dipoles and the outer boundary
of the molecule adsorbed on interfacial plane,
the moadels of these moiecules and groups,
conforming to their spacial configuration, using
the values of the atomic and exterior (Van der
Waals) radii, were set up. Table V contains the
values of these radii for different atoms which
form the studied molecules and the groups of
atoms. All values were taken from Ref. (29).

In Figs. 10 and 1! models of the water,
methylene iodide molecules and CH., C=0
groups are shown. It was assumed that the
center, O, of the dipole is located halfway
between the centers of the atoms.

The further assumption made was that the
methylene iodide molecule is oriented with its
hydrogen atom towards the C=0 group (Fig.
10a) and that the water molecule may face the

BASZKIN AND TER-MINASSIAN-SARAGA

TABLE VI

Distaxces BETWEEN THE CENTERS OF INTERAChges
Mocecures or Groups, THEIR DIPOLE-INDUCE, 2o
DipoLE AND DirorLE-DiPOLE

ENERGLES -
™.
a edd edid .

Pair of contacts (X 107¢ (X 104 (X 1010 -
cm) erg/site) erg/site) -
CH:~-H,0 3.81 0.46 —~
CH.-CH,I, 5.06 0.029 ;C:';
H.0—C=0 3.33 22.57 1.09 -

CH.I.-C=0 1.80 . 5.37 151

interface with two possible orientations (an™
average of J; and d;r was considered; see
Fig. 10b).

The distances @, @i, a3, @4 between the-
centers O of the interacting dipoles or dlpolts -
and groups (as for the induced dipoles caicu:”
lations) are the sum of corresponding d
values.

Table VI shows the values of intermoleculat
distances for the studied systems and the
calculated energies for each pair of contacts.
As shown, the induction energies on the unosi-
dized polvethyvlene are very small and negligibl
comipared to the dipole-dipole interactions.

The calculated energies of dxpole—dlpolr
interactions were compared with the experi::
mental values. The ratio of the two slopes of
the lines of Fig. 6 may be expressed as 2
function of the interaction energies s and
€22 between water and polyethylene and meth-=
vlene iodide and polyethylene. It is justified
write the following relation :

13
).

2upionc—0  2am.0(uce0)?  2acH.(un20)? Zq;

(”’H -— VO)HGO éla a,° 035 ~',‘;;

: {13 3

(W - W°)CHJ» Z#Cquuc-o 2acHi(ucmo)?  2acH:(ucHn)? -
az? a,® as®

The experimental ratio of the slopes from
Fig. 6 gives the value of 5.62, the corresponding
calculated value is 3.39.

It should be noticed, that an error of 0.3 A in
the estimation of intermolecular distances a

Jourual of Colloid and Interiace Science. Vol. 43, No. 1, April 1973
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R

between the centers of the dipoles brings alons
a considerable discrepancy (309%) between !hf
calculated and experimental values of the rath
If the calculated values esq obtained for 3
pair of interacting dipoles were multiplied bY

u.

R i J.A_._____k ﬁ:il{ﬁf
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bumex ¢, Lhe energy for 1 em® was found. This
energy for water-oxidized polyethylene (as-
suming the parallel configuration of the hydro-
carbon chains to the surface of polyethvlene)
is: (22,37 X 10~ erg/site X 16.8 X 10% sites/
an?})/1.23 = 303.3 erg/cm? and for methylene
iodide-oxidized polyethylene equal to: (5.37
X 1074 ergfsite X 16.8 X 10M sites/cm?®)/1.25

b = 7214 arg/em?,
prn .0F
= Itz i benoted, however, that the above

= aalculations are not completely justified as the
number of the sites was overestimated. The

Fic. 11. Distances between the groups CH; and C=0

Interface

POLYETHYLENE 199

ST ——r Interfoce

(b)

Fic. 10. Distances for polvethylene and methylene iodide or water.

maximum number should be obtained by
counting every other CH.. If every CH. were
oxidized to C==0, the chain would be chemi-
cally unstable. Therefore, the area per 2CH.
is either about 12.4 or 11.2 A2, depending on
crystal plane, as calculated from the crystal
structure (36). If the surface is not perfectly
crystalline, the area per polar site will be much
larger. Consequently a higher value of «, a
lower &max and an increase of the roughness
factor ¢ will be obtained. These parameters will
lead to lower calculated contributions to the

Interface

of polyethylene and the molecules of the wetting liquids.
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electrostatic energies of interactions between
oxidized polyethylene and water or methylene
iodide.

Lastly, considering the normal configuration
of hydrocarbon chains to the surface of poly-
ethylene we obtain the following results: for
water-oxidized polyethylene (22.37 X 101
erg/site X 5.0 X 10M site/em?)/4.2 = 26.9
erg/cm® and for methylene iodide-oxidized
polvethylene (3.37 X107 erg/site X5.0 X104
site/cm?)/4.2 = 6.4 erg/cm® The Van der
Waals radii of CH; and of CH, groups for the
configuration shown in Fig. 11 are equal.

These results are in a good agreement with
the experimental values of the polar contribu-
tions to the free energy of adhesion, which for
water-ovidized polvethyvlene is 27.4 erg/em?®
and for methylene iodide-oxidized polyethylene
is 4.8 erg/cm?.

The polar contribution to tht work of
adhesion of water and methyvlene iodide with
unoxidized polyethylene is originating in the
¢4ia dipole—induced dipole interactions, and for
1 cm?® equals 7% shown in Tables I and III.

To calculate: these contributions the values
for one contact egia (Table VI) are multiplied
by émax- The introduction of the roughness
factor seems to be not justified in this case. As
it was shown (37) in the recent electron micros-
copy study of polypropylenes treated with
chromic acid-phosphoric acid solutions the po-
rous structure of the initially uniform polymer
films was obtained during the treatment. The
etching of the films, as shown on these micro-
graphs, is relatively high. Stmilarly, the micro-
graphs of our unoxidized polyethylene showed
that its surface was apparently smooth (38).

For a parallel configuration of the hydro-
carbon chains to the surface we obtain:
unoxidized polyethylene-water, 0.46 X 10-1¢
erg/site X 16.8 X 10" site/cm?® = 7.72 erg/
cm?; unoxidized polyethylene-CH,I,, 0.029
X 10~ erg/site X 16.8 X 10M"site/cm?® = 0.49
erg/site. For a normal configuration of the
chains we have: unoxidized poiyethylene-
water, 0.46 X 1071 erg/site X 5.0 X 10Msite/
cm?® = 2.30 erg/cm?; unoxidized polyethylene-
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CH.l;, 0.029 X 107 erg/site X 5.0 X 10\
site/cm? = 0.13 erg/cm®. :’:

In the both cases the agreement with experj.=.
mental values of I,i? is not satisfactory.! The=
TP values for water and methylene iodide
with unoxidized polyethylene are, respectively ="
equal to 11.534 and 3.31 erg/em® It should“
however, be noted that we consider our un
treated polyethylene as if it did not contaige.
any polar groups. This assumption was initially’.i.
made in our work, as we did not detect any=-
calcium ions adsorbed at the surface of un
oxidized polyethylene. The accuracy of the™
measurements especially from the dilute CaCl =
solutions may not be sufficient to reveal=:
0.6 X 108 C==0 sites/cm?*. This value (3% o
the saturation one) would eliminate the dis
crepancy between the calculated and the
experimental values for dipole-induced dipole
interactions on unoxidized polyethyvlene.

DISCUSSION AND CONCLUSION

The superficial oxidation of polyethylene is
not changing the nature of molecules in th
bulk of the solid. Thus the cohesive forces in’=
the oxidized and unoxidized polyethylene arcm
practically equal. We have, therefore, a par:
ticular system of a nonpolar solid in the bulk

and polar at the surface. <=
it
Consequently the intermolecular forces opers=

ating at the interface between the oxidized==
polvethylene and water or Decalin methyleneZs
iodide mixture are both dispersion and polar
forces, and we conclude that 7. could not beZ
equaled to v,% It follows that the wettabﬂlt'rg
studies by the contact angle technique of such S
a system involve some difficulties in the estlma"gi
tion of v,% value, We feel, nevertheless, that’=;

the v, value found with these mixtures andZ
unoxidized polyethylene (v, = 32.75 d;m/cm)g
may be the v,% value of the polymer. =

VIf the equation proposed by Van der Avoird m“%
Hofelich (35) for the “induction” energy based om ‘,;!_1-_‘51
quaatum mechaaical treatment and equal to %=X
= our’/28% is applied, the corresponding values forsy
the different types of contacts are four times lower ey

E&nﬁm&ﬁdl



- ".,;- Thi: -alue 4,4 = 32.75 dyn/cm is higher
}han that reported by Zisman (27) with polar
= 31 dvn/cm) and lower than the

of the temperature dependence of the con-
= 1act angles on different polymers (y. = 36.0
dvn‘am). It is in a good agreement with the
“ealculated value presented by Wu (34) based
. on the application of a modified Hildebrand-
- aation for the estimation of critical
_:urf ice «ensions of nonpolar polymers (y. = 32
> dvn.cm).

The increase of v, with the degree of oxida-
tion may be due to the rise of the +.7 contribu-
- tion to the total v,, while the 4 contribution
remains constant.

The polar contribution J4P to the adhesion
~ of the Decalin-methvlene iodide mixtures on
~ unosidized polvethylene increases with the
3 wnee cion of the second component of these
¥ solutin. - (see Table I11). This variation of I®
with the composition of the mixture may be
due 10 an increasing concentration of meth-
vlene iodide molecules in the adsorbed layer at
the solid—vapor interface. Decalin is not chang-
inz the chemical nature of the interface, but
- the adsorbed polar methylene iodide molecules
add polar groups to the interface and bring
: about there the establishment of dipole-dipole

= contw’ This fact is analogous to the increase
_of wiion implied by the oxidation of

- polyethylene,

To interpret the linear variation of the work
“of adhesion I, with the surface density of
- polar sites § of the oxidized polyethylene, we
have used an ideal model of wetting based on
= the additivity of molecular energies for each
_couple of contact at the interface. These
- eacrgies were calculated according to molec-
tlar medels and atomic distances in the
- 2dswous sizte, However, the distances between
_the chemical groups in the solid and the
Vﬂolecules of the liquid in contact may be
—_largerangd may lead to considerable decrease of
the calculated values of these energies.

It should also be noticed that the dipole-
“iple and dipole-induced dipole interaction
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energies were evaluated assuming the dielectric
constant to be equal to 1 (which corresponds
to the vacuum medium).

The underestimation of these two factors
may lead to the errors in the calculation of
dipole-dipole interaction energies. They may
partly explain the fact that the calculated
energies for 1 cm? do not agree very well with
the experimental values.

Moreover the absolute value of dipole-dipole
interaction energy to the free energy of adhe-
sion depends on the value of Smox appearing in
[8]. This factor is eliminated when the ratio
of the slope of the lines in Fig. 6 is deduced
according to Eq. [137. This procedure avoids
the error introduced by the geometry of the
model of the interface in the evaluation of the
energyv of adhesion and enhances the effect of
the polarity of the wetting liquid.

We assumed that at saturation every: CH.
group is changed by oxidation into a C=
group which interacts with one molecule of
liquid. If only a constant fraction of the C=
groups detected by the ions %Ca were located
in the first layer of the solid, the energy of
adhesion would be the same fraction of the
calculated value. In particular the chains may
be parallel or normal to the surface of poly-
ethylene and every second CH. could be
oxidized.

It is worthwhile to add that if the Keesom
equation for the average interaction energy
between the two permanent dipoles (thus
taking into account the possible orientation of
molecules in all directions) €40 =% (u,%,*/ K Ta®)
were applied, the same value would be found
as with the equation used by us.

The intercept of the lines obtained by
plotting W4 vs & for the systems unoxidized
polvethylene-water and unoxidized poly-
ethylene-methylene iodide may be considered
as originating in the induced dipole-dipole
interactions. A satisfactory agreement was ob-
tained when water wets the solid. But the
calculated value obtained for methylene iodide
is much smaller than the experimental one.
The difference between these two liquids, when
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unoxidized polyethylene is considered, may be
due to the fact that water molecules adsorb on
the hydrophobic polyethylene less than meth-
ylene iodide or that an undetectable amount
of C=0 groups are found at the surface of the
unoxidized polyethylene.

In conclusion, the chemical attack of a solid
may change its nature in a superficial region.
But the modification of its wetting properties
depends on the composition of the outermost
layer of the solid.

Although the analytical method is unable to
distinguish between this layer and those below,
it gives information, however, on the modifica-
tion of the composition of the outermost layer
of the solid.

For a given modification the free energies of
adhesion of one solid having a polar surface
with different polar liquids is a function of
the dipole moment of the molecules of the
liquids and can be calculated usihg classical
theories.
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